We study the transfer of electromagnetic energy across a subwavelength gap separating two coaxial metal nanorodes. The absence of spacer in the gap separating the rods the system exhibits the strong coupling between longitudinal plasmons in the two rods. The nature and magnitude of this coupling is studied by varying various geometrical parameters. When the length of one rod is varied this mode spectrum exhibits the familiar anti-crossing behavior that depends on the coupling strength determined by the gap width. As a function of frequency the transmission is dominated by a splitted longitudinal plasmon peak. The two hybrid modes are the dipole-like "bonding" mode characterized by a peak intensity in the gap, and a quadrupole-like "antibonding" mode whose amplitude vanishes at the gap center. When off-resonant 2−level emitters are placed in the gap, almost no effect on the frequency dependent transmission is observed. In contrast, when the molecular system is resonant with the plasmonic lineshape, the transmission is strongly modified, showing characteristics of strong exciton-plasmon coupling, modifying mostly the transmission near the lower frequency "bonding" plasmon mode. The presence of resonant molecules in the gap affects not only the molecule-field interaction but also the spatial distribution of the field intensity and the electromagnetic energy flux across the junction.
I. INTRODUCTION
Studies aimed at understanding the consequences of the interaction of electromagnetic fields with metal, semiconductor and molecular nanostructures under the effort to construct, characterize, manipulate and control plasmonic devices [1] . Recurring themes in these studies are the plasmonic response of aggregates of nano-particles , and the possibility to transmit electromagnetic energy over constrictions substantially smaller than the radiation wavelength [31] . Composite structures (metal-dielectric, metal-semiconductor) are often found useful because light can localize at their interfaces. Of particular importance are metal-molecule composites where strong plasmon-exciton coupling together with the non-linear optical response of the molecular system can generate new physical behavior on one hand and provide more control capabilities by tuning the molecular subsystem on the other.
In this paper we study a class of systems of the latter kind, focusing on the light transmission properties of a model system comprising metal rods and molecular aggregates of sub-wavelength dimensions. Transmission properties of nano-size structure are usually discussed in two connotations. First, following early studies by Gersten and Nitzan [32, 33] there is substantial interest in the way plasmonic particles affect excitation energy transfer in molecular systems . Second, plasmonic structure can operate as sub-wavelength waveguides which are important in the construction of light controlled nano-devices and nano-size optical communication and information storage systems [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] . For the latter systems two principal design systems have been studied: one comprises a chain of nanoparticles [61, 64] , where waveguiding is achieved by plasmon-hopping between nanoparticles and energy transport may be regarded as motion along a plasmonic band. The other uses the optical properties of metal-dielectric (including metal-vacuum) interfaces [56, 59, [61] [62] [63] .
Molecular aggregates were used in both design types. In Refs. [57, 64, 65] they are used as reporters for the distribution of electromagnetic energy along the waveguide, while in Refs. [60, 62, 63, 67] they constitute an active constituent of the dielectric subsystem. Another way in which a molecular component can affect the operation in devices based on plasmon hybridization and hopping is in affecting the hybridization characteristics of the system. Obviously, the interactions between plasmonic excitations on different particles will depend on the molecular environment between them [68, 69] . When the molecular optical response is far from resonance with the relevant plasmonic frequencies this dependence may be accounted for by incorporating a host medium with a suitable dielectric constant. In the linear response regime a frequency dependent dielectric function can represent a molecular system in resonance with the plasmonic spectrum, however such a procedure may not properly account for the distinction between lifetime and dephasing relaxation processes. Alternatively, the molecular subsystem is described here explicitly and quantum mechanically using a variant of the procedure described in Ref. [70] (See also Refs. [71] [72] [73] [74] [75] [76] [77] [78] ). This makes it possible to address the regime of strong exciton-plasmon coupling, where the molecular species does not only modify the plasmon-plasmon coupling but becomes an active component of the transmitting system. We note in passing that the latter procedure can also describe the molecular system in the non-linear response regime [79] [80] [81] [82] , although we do not address this regime in the present study.
The effect of strong exciton-plasmon coupling on the optical response properties of metalmolecules composites have been under active study for some time [83] . Here we focus on its manifestation in the electromagnetic energy-transmission properties of a system comprising two metal cylinders aligned along a common axis with a gap of variable length between them. Light is injected into the system using a source point dipole located at one end of the two metal-rod system, and the transmitted intensity is recorded at the other end. The effect of a molecular aggregate filling the gap between the metal cylinders is studied in order to elucidate the role of several key parameters that characterize the molecular species (a) Molecular density, (b) Molecular transition frequency and (c) Molecular lifetime and dephasing relaxation rates. We note that some issues related to this study were addressed in previous works. On the experimental side, Benner et al [84, 85] have studied plasmon transmission (and electronic conduction) across small constrictions between metal wires, highlighting the need to account for heating and thermal expansion effects in realistic experiments. Neuhauser and coworkers [68, 69] have placed a single molecule between two metal spheres in order to simulate its effect on the plasmon-plasmon coupling. While their single molecule model uses a similar density matrix description that can study the role of molecular relaxation processes, these issues where not explicitly addressed in these studies.
Our earlier work [70] and a recent work by Sadeghi [86] have addressed the role of molecular dephasing in the coherent response of strongly coupled exciton-plasmon systems. Gu and coworkers [66] have recently considered the transmission of electromagnetic signal across a gap in a configuration similar to the one studied here, however without molecules. The present study is aimed to elucidate the way such transmitted energy is affected by strong exciton-plasmon coupling.
II. MODEL
Our system consists of two metal cylinders of lengths L 1 and L 2 and equal diameters D, lying along a common axis and separated by a gap of width ∆L (see the inset of Fig. (1) ).
This gap can be bridged by a molecular aggregate of the same diameter -an assembly of two-level point objects whose optical response is described by the optical Bloch equations [70] . For comparison, we also consider the corresponding system with a vacuum gap, and the system with no gap (∆L).
The dynamics of the electric, E, and magnetic, H, fields is simulated using classical
Maxwell's equations
where ε 0 and µ 0 are the permittivity and the permeability of free space, respectively. The current source in the Ampere law (1b), J, corresponds to either the current density in spatial regions occupied by metal (Eq. (3) below) or the macroscopic polarization current, J = ∂ P ∂t , in space filled with a molecular aggregate.
The dispersion of metal is taken into account via Drude model with the dielectric constant of metal, ε (ω), in the form
where Γ is the damping parameter, ω p is the bulk plasma frequency, and ε r is the highfrequency limit of the dielectric constant. For the range of frequencies considered in this work the following set of parameters was chosen to represent gold: ε r = 9.5, ω p = 8.95 eV, and Γ = 0.069 eV [87] . The corresponding current density in the metal region is evaluated according to the following equation [88] ∂ J ∂t
The optical response of the molecular subsystem is simulated using rate equations for a two-level system driven by a local electric field E [89]
where n 1 and n 2 (n 1 + n 2 = n 0 , where n 0 is the number density of molecules) correspond to the populations of the ground and the excited molecular states, respectively, P is the macroscopic polarization, γ 21 is the radiationless decay rate of the excited state, γ d is the pure dephasing rate, and Ω 0 is the energy separation of the molecular levels. The coupling constant σ is given by [90] 
where µ 12 is the transition dipole moment. Eqs. (4) and (5) assume that the molecular optical response is isotropic. Consequently, the orientation of the local induced polarization is along the polarization of the local electric field. In the standard situation where the individual molecule does not respond isotropically, the results reported below correspond to the assumption that the distribution of molecular orientations is isotropic. This aspect of the model can be generalized in order to investigate the interesting possibility that molecular effects in plasmon transport can be affected by the molecular orientation. In this work we do not consider such effects.
The system of coupled equations (1), (3), and (4) is solved numerically on a multiprocessor computer [70] . The space is discretized in accordance with FDTD algorithm [91] in three dimensions. The spatial resolution of δx = δy = δz = 1 nm is chosen to achieve numerical convergence and avoid staircase effects (artificial "hot" spots in the local field due to discretization of curved surfaces in Cartesian coordinates). The time step is δt = δx/(2c) = 1.7 as, where c is the speed of light in vacuum. Open boundaries are simulated using convolutional perfectly matched layers (CPML) [92] . We found that for a system considered here the best results were achieved with 19 CPML layers. The total simulation domain for all calculations is 181 × 181 × 321.
We employ short-pulse method (SPM) [70] to calculate linear response of the plasmonic/excitonic system. The time envelope of the probe incident pulse, f (t), is taken in the form of the Blackman-Harris window
The pulse duration is denoted as τ , other parameters are: a 0 = 0.3532, a 1 = −0.488, higher transmission compared to any transverse polarization and we have therefore used this driving polarization. The transmitted intensity in the z direction, |E z | 2 , is detected on the opposite side also at a distance of 5 nm from the leftmost wire at a given point on the grid. It should be noted that the utilization of SPM implies that we consider only elastic scattering. For a case of interacting wires without molecules it is obviously the case as the optical response of metal is treated linearly using Drude model. In case of molecules one has to keep the incident peak amplitude low enough such that the population of the molecular excited state is always significantly smaller than 1. In the simulations discussed below this condition was carefully monitored at all times.
III. RESULTS AND DISCUSSION
The structure composed of two closely spaced wires shown in the inset of identified as a longitudinal dipolar plasmon, the next one at 1.64 eV is found to be a longitudinal quadrupole plasmon while the peak at 2.1 eV corresponds to the transverse dipolar plasmon. For a single wire of length 100nm the longitudinal dipole mode peaks at 1.54 eV, the longitudinal quadrupolar mode has moved to higher frequency above the range shown, while the transverse mode remains at 2.1 eV.
With a small gap separating the two wires one can expect to see a manifestation of the interaction between two longitudinal SPP modes supported by each wire. As two identical wires support modes with the same frequency, the close proximity of such modes permits the energy exchange between wires and thus lifts the degeneracy. This effect is clearly seen in Fig. 1 as a splitting Other parameters are the same as in Fig. 1 .
two wires are in principle also coupled, this coupling is too weak to give a noticeable Rabi splitting. Second, even at the shortest length similar to the diameter, the plasmon frequency associated with the short wire is affected by the presence of the other wire and slightly deviate from the value obtained for the isolated wire (green dash-dotted line in Fig. 2b ). This probably results from the damping and frequency shift affected by the proximity to a dissipative dielectric object (the second wire) but may also reflect the effect of interaction with the transversal plasmon of this second wire. As expected, similar results were obtained when we varied L 2 with L 1 being kept constant.
Finally we note that these observations may be sensitive to the polarization of the injecting source. We defer the study of this issue to later work.
In order to understand the physics behind the Rabi splitting we examine spatial distributions of the electromagnetic energy at two resonant frequencies. In the strong coupling regime the system of two wires forms two states as illustrated in Fig. 3 . The low energy mode has a maximum in the gap while the high energy mode has a node. Obviously we are seeing the equivalent of the behavior of bonding and antibonding orbitals in a system of two coupled emitters [27] as this was confirmed in Fig. 1 by comparing transmission through a single wire with that through two closely spaced wires.
Next we add a molecular aggregate filling the gap between the interacting wires and investigate how molecules resonant to longitudinal SPP modes modify the transmission spectrum. The values of the molecular parameters used in this work are: the molecular transition dipole µ 12 = 25 Debye, γ 21 = 6.892 × 10 −4 eV (corresponding to 6 ps), γ d = 6.565 × 10 −3 eV (corresponding to 630 fs). When a molecular aggregate is placed inside the gap the local electromagnetic field is coupled to molecules. This system is analogous to three coupled oscillators: two longitudinal SPP electromagnetic modes and molecular excitons. The ratio of intensities spatially averaged over gap's volume for the low energy mode to the high one for the parameters in Fig. 3 is 59 .95. The coupling strength depends on a local field amplitude. One can anticipate that the low energy plasmon mode with a higher amplitude in the gap would couple to molecules appreciably stronger than the mode at the higher energy. As noted above, the antibonding mode is close in frequency to the quadrupolar mode of a single wire of similar total length. To investigate how electromagnetic energy is transported through a system of closely spaced nanowires we performed series of simulations varying the physical environment of the gap. First set of simulations was carried out with non-resonant molecules filling the gap.
We found that there is almost no effect on transmission if the molecular transition energy is distance from the symmetry axis connecting two wires. We note that the negative sign of the energy flux corresponds to the propagation of EM energy from the source towards the detector (see the inset in Fig. 1 ). The magenta line shows simulations performed for a system comprised of two wires fully submerged in a cylinder composed of molecules. This system exhibit several resonances in the transmission spectrum (not shown). The "bonding"
mode (see Fig. 1 , blue dash-dotted line, resonance at 1.6 eV, see also Fig. 3b ) splits into two modes due to strong coupling between molecules and the plasmon mode. The frequency at which the energy flux is evaluated corresponds to the maximum transmission at 1.58 eV.
One can clearly see the EM energy mostly localized in the molecular layer 10 nm < R < 20
nm. All five cases clearly demonstrate the fact that the propagation mainly occurs along the surface of wires.
Finally, the following observation from our simulation may appear surprising: the result shown in Fig. 4 are not sensitive to the nature of the relaxation processes modeled in Eqs.
(4) in the following sense: If the magnitudes of the population and dephasing relaxation rates are varied such that γ 21 + 2γ d = constant the same spectrum is produced. This behavior characterizes systems in which spontaneous emission does not play a significant part in the spectral response (in the present calculation using classical EM field it is simply ignored).
In such systems the optical response is dominated by the classical molecular polarization which is sensitive only to the sum γ 21 + 2γ d .
IV. CONCLUSION
Using a numerical scheme based on the coupled Maxwell-Bloch equations implemented within the FDTD electromagnetic numerical solver, we have studied the transfer of electromagnetic radiation across a molecular gap separating two co-axial metal cylinders. In the absence of the molecular spacer in the gap separating the rods this system exhibits the consequence of plasmon-plasmon coupling, in particular between longitudinal plasmons in the two rods. The nature and magnitude of this coupling can be studied by varying the gap width as well as by changing the length of one wire keeping the other fixed, which produces the familiar non-crossing behavior. As a function of frequency the transmission is dominated by a splitted longitudinal plasmon peak. The two hybrid modes are the dipole-like "bonding" mode characterized by a peak intensity in the gap, and a quadrupole-like "antibonding" mode whose amplitude vanishes at the gap center. When off resonant 2−level molecules are placed in the gap, almost no effect on the frequency dependent transmission is observed. We have traced this behavior to the observation that much of the transmission takes place along the cylinders' edge. The "bonding" mode is significantly affected by the dielectric properties of the gap. In contrast, when the molecular system is in resonance with the plasmonic lineshape, the transmission is strongly modified,
showing characteristics of strong exciton-plasmon coupling, modifying mostly the transmission near the lower frequency "bonding" plasmon mode. It is interesting to note that the presence resonant molecules species in the gap affects not only the molecule-field interaction but also the spatial distribution of the field intensity and the electromagnetic energy flux across the junction.
This study can be extended in several ways. First and obvious is the fact that the observation reported here can be sensitive to the molecular orientation in the gap. In the present study we have assumed that this orientation is random, implying an average isotropic molecular response, and a preferred molecular orientation may be an important parameter in determining the transmission across the junction. A more subtle issue is the role played by molecular fluorescence. In present experimental studies the fluorescence signal from dye molecules placed along the nano waveguide is used to report on the electromagnetic field distribution along the guide [64, 65] . In the configuration used in the present study spontaneous emission by strongly fluorescent molecule may play an active role in the observed optical response. To study such one needs to go beyond the current level of description that treat the electromagnetic field completely classically. We defer such considerations to future work.
